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Abstract 
The development of an innovative-SANEX process for the selective recovery of trivalent actinides from PUREX raffinate 
using a TODGA / 1-octanol based solvent is presented. CDTA was used to efficiently mask Zr and Pd. Two options were 
studied for the selective An(III) stripping. First, a glycine-buffered DTPA solution was successfully employed. A great 
improvement was the use of the hydrophilic SO3-Ph-BTP, which allowed the selective An(III) stripping even at 0.5 mol/L 
HNO3 without using buffering or salting-out agents, making the advanced partitioning process easier and more efficient. High 
Ln/Am separation factors were achieved in single centrifugal contactor tests. 
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1. Introduction 
The development of new separation processes for the recovery of trivalent minor actinides (MA: Np, Am, Cm) 
from used nuclear fuel is studied in many countries all over the world [1]. In Europe a multi-cycle strategy was 
developed, resulting in the DIAMEX-SANEX concept [2, 3]. Within the current European research project 
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ACSEPT [4, 5], improved partitioning processes are studied, aiming at reducing the number of cycles of the 
advanced processes following the PUREX process. Therefore, two new processes were developed: the 1-cycle 
SANEX process [6, 7], and the innovative-SANEX process. In the 1-cycle SANEX process the selective 
extraction of the minor actinides, directly from the PUREX raffinate, is envisaged, whereas in the innovative-
SANEX process the minor actinides are extracted together with the lanthanides and are separated by a subsequent 
selective stripping step. This paper describes process development studies towards the innovative-SANEX 
process. 
2. Experimental 
2.1. Chemicals 
N,N,N’,N’-tetraoctyl diglycolamide (TODGA) was synthesised in our laboratory in accordance to the 
literature [8] followed by purification. The identity and purity of the product was confirmed by 1H-NMR and 13C-
NMR and was shown to be >99% pure. SO3-Ph-BTP was synthesised at Karlsruher Institut für Technologie 
following the synthetic route published in [9], which is based on [10]. The industrial diluent TPH (hydrogenated 
tetrapropene) was purchased from Prochrom, France. Cyclohexanediaminetetraacetic acid monohydrate (CDTA), 
purity 98% was purchased from Fluka. All other chemicals were purchased in high purity and were used 
without further purification. The organic and aqueous solutions were prepared by dissolving weighted quantities 
of extractants and modifiers in TPH or the desired nitric acid solution, respectively. 
The radiotracers 241Am and 152Eu were supplied by Isotopendienst M. Blaseg GmbH, Waldburg, Germany, 
and Eckert & Ziegler Nuclitec GmbH, Braunschweig, Germany. 
A synthetic HAR solution was used, which was synthesised according to a procedure described in ref. [11]. 
2.2. Solvent extraction and analytical procedures 
Batch extraction experiments were performed in 2 mL glass vials. 500 μL of the aqueous phases were spiked 
with 10 μL of radiotracer (241Am, 152Eu), contacted with 500 μL of the organic phases, and shaken by a vortex 
mixer for 15 minutes, which was commonly enough to reach the extraction equilibrium for all elements, except 
Zr in presence of CDTA (for further details see [12]). The organic phase was not pre-equilibrated with nitric acid 
prior to the extraction experiment. After separation of the phases by centrifugation aliquots of 200 μL of each 
phase were taken for subsequent analysis. 
Continuous counter-current liquid-liquid extraction experiments were carried out in a single-stage centrifugal 
contactor setup, comprising a single 1 cm stainless steel centrifugal contactor (produced by INET, China) 
together with the contactor housing. Two syringe pumps were connected to the contactor and used to precisely 
pump the organic and aqueous solutions after prior calibration. 
Gamma analysis was performed using a high-purity germanium spectrometer system obtained from EG&G 
Ortec. The Ȗ-lines at 59.5 keV and 121.8 keV were examined for 241Am and 152Eu, respectively. Stable elements 
were determined by ICP-MS on an Elan 6100 DRC from Perkin Elmer Sciex, Roggau-Jügesheim, Germany. The 
aqueous phase was directly measured after adequate dilution. The organic phase was mixed with the non-ionic 
surfactant TRITON-X-100 and diluted to an adequate concentration. The metal distribution ratios D were 
calculated as the ratio between the activity or concentration of a radioisotope or element in the organic phase and 
that in the aqueous phase. The mass balances of the measurements were 100 ± 3% for gamma and 100 ± 5% for 
ICP-MS measurements. Distribution ratios between 0.01 and 100 exhibit a maximum error of ± 5%. The 
maximum and minimum distribution ratios arising from the detection limits in the aqueous and organic phases 
were 1000 and 0.001, respectively. 
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3. Results and discussion 
3.1. Solvent formulation and masking of Zr and Pd by CDTA 
For the innovative-SANEX process, a solvent based on the well-known TODGA molecule was developed. 
TODGA is known to extract trivalent actinides and lanthanides with very high efficiency from highly 
concentrated nitric acid [13]. Unfortunately, it tends to form a 3rd phase because of a nitric acid co-extraction and 
a rather limited loading capacity. This problem, however, was overcome using 1-octanol as phase modifier [14, 
15]. A final solvent composition of 0.2 mol/L TODGA + 5 vol.-% 1-octanol in TPH showed satisfying extraction 
properties. 
However, the co-extraction of some fission and corrosion products (Zr, Pd, Mo, Sr, Ru) was observed. In 
former processes (e.g. the DIAMEX process [16]) oxalic acid was used to suppress the extraction of Zr and Mo, 
and HEDTA was used to suppress the extraction of Pd. Recently, we found that the hydrophilic complexing 
agent cyclohexanediaminetetraacetic acid (CDTA) can be used to mask Zr and Pd. The extraction of the two 
elements was effectively prevented using a relatively small concentration of CDTA, without influencing the 
extraction of the desired elements [12]. 
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Fig. 1. Chemical structures of TODGA (top left), SO3-Ph-BTP (top right), CDTA (bottom left) and DTPA (bottom right). 
3.2. Innovative-SANEX process development using buffered solution for the stripping of actinides 
For the selective stripping of the trivalent actinides from the loaded solvent, different combinations of buffers 
and hydrophilic polyaminocarboxylic acids were tested (Fig. 2). 
The optimal formulation of the stripping solution was found to be a mixture of 1 mol/L glycine + 0.05 mol/L 
DTPA + 1.8 mol/L NO3–. The use of glycine buffer resulted in the best agreement between low pH change and 
high separation factors for DTPA and HEDTA. At pH 1.9 a SFEu/Am = 18 was obtained, and even with the least 
extractable lanthanide element Nd a SFNd/Am = 10 was obtained. Therefore, the system glycine/DTPA was chosen 
for further studies. 
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Single centrifugal contactor tests were performed for three different steps in a foreseen innovative-SANEX 
process: extraction, scrubbing and stripping of the trivalent actinides. The extraction was tested by contacting the 
TODGA/1-octanol solvent with a simulated PUREX raffinate solution containing 0.05 mol/L CDTA with 
flow-rates of 60 mL/h and 210 mL/h for org. and aq. phase, respectively. A scrubbing step using 0.5 mol/L HNO3 
at 60 mL/h had to be introduced to decrease the nitric acid concentration in the org. phase, so that the pH in the 
stripping step was not influenced too much. The stripping of the actinides was tested with the optimal mixture of 
1 mol/L glycine + 0.05 mol/L DTPA + 1.8 mol/L NO3– at different initial pH-values (1.7; 1.9; 2.0), again at 
60 mL/h. 
The results from these tests showed an efficient extraction of the trivalent actinides and lanthanides with a 
good masking of Zr and Pd by CDTA. A selective stripping of the trivalent actinides was possible at an initial pH 
of 1.9 and 2.0 with americium distribution ratios <1 and lanthanide element distribution ratios >1. The results are 
summarized in Table 1. 
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Fig. 2. Eu/Am separation factors (left) and pH changes (right) for stripping of An(III) with HEDTA and DTPA in variable buffer solutions. 
Org. phase:0.2 mol/L TODGA + 5 vol-% 1-octanol in TPH. Aq. phase: 1 mol/L buffer + 0.05 mol/L complexing agent, 1.8 mol/L NO3–
, initial pH = 2.0, tracers: 241Am, 152Eu, mixing time: 15 min., T = 22°C. 
Table 1. Summary of the single centrifugal contactor stripping test using glycine buffered DTPA solution. 
Org. phase: 0.2 mol/L TODGA + 5 vol-% 1-octanol in TPH, loaded after contact with a simulated PUREX 
raffinate and subsequent scrub with 0.5 mol/L HNO3,  
.Aq. phase: 1 mol/L glycine + 0.05 mol/L DTPA + 1.8 mol/L NaNO3, pHini = 1.7, 1.9, 2.0. 
 Distribution ratio D Separation factor SFLn/Am 
 pHini 1.7 pHini 1.9 pHini 2.0 pHini 1.7 pHini 1.9 pHini 2.0 
241Am 4.78 0.79 0.42    
Eu >200 12.3 6.04 >42 15.6 14.4 
Nd 32.0 5.66 2.73 6.7 7.2 6.5 
 
The separation factors were smaller than those obtained in the batch tests, but a separation was possible. The 
smaller separation factors were due to the lower stage efficiency in the single centrifugal contactor tests, 
combined with a greater nitric acid carry-over from the scrubbing step than expected earlier. This lead to a higher 
pH change in the stripping section than was expected. Therefore, it has to be stated that a precise pH control in a 
foreseen process would be mandatory. 
3.3.  Counter-current stripping test using SO3-Ph-BTP 
A recent development is the use of a hydrophilic BTP molecule, the SO3-Ph-BTP molecule, for selectively 
stripping actinides(III). With this molecule the high selectivity of the lipophilic BTPs can be used also in aqueous 
solution [9]. Therefore, this molecule was tested for the selective stripping of trivalent actinides from the loaded 
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TODGA/octanol solvent. A solvent containing 0.2 mol/L TODGA + 5 vol.-% 1-octanol in TPH was loaded with 
241Am and 152Eu, as well as 10-4 mol/L of lanthanides (given in Table 2) at 0.5 mol/L HNO3. Then, the loaded 
solvent was contacted in a single centrifugal contactor with an aqueous phase containing 0.020 mol/L 
SO3-Ph-BTP in 0.5 mol/L HNO3. The flow-rates were set to 120 mL/h and 60 mL/h for the org. and aq. phase, 
respectively. After 10 min. run time, the steady-state was reached. After that, the flow-rates were changed to 
60 mL/h and 30 mL/h for the org. and aq. phase, respectively. Again, after 10 min. run time, the steady-state was 
reached. The content of the mixing chamber of the centrifugal contactor was transferred to a test tube and shaken 
for 20 min. to reach the chemical equilibrium. The results are summarized in Table 2. Fig. 3 shows the obtained 
Ln/Am separation factors for the two steady-states at the different flow-rates and the values obtained for the 
chemical equilibrium by batch shaking. 
A selective stripping of americium was achieved at 0.5 mol/L HNO3 with high Ln/Am separation factors, even 
at a relatively high flow-rate of 120/60 mL/h. 
Table 2. Summary of the single centrifugal contactor stripping test using SO3-Ph-BTP. “Steady-state” refers to the steady-state 
reached in the centrifugal contactor continuous test, while “Equilibrium” refers to the equilibrium values, obtained by batch shaking. 
Org. phase: 0.2 mol/L TODGA + 5 vol-% 1-octanol in TPH. Aq. phase: 0.020 mol/L SO3-Ph-BTP, 0.5 mol/L HNO3. 
 Distribution ratio D Separation factor SFLn/Am 
 Steady-state 
120/60 mL/h 
org./aq. 
Steady-state 
60/30 mL/h 
org./aq. 
Equilibrium Steady-state 
120/60 mL/h 
org./aq. 
Steady-state 
60/30 mL/h 
org/aq. 
Equilibrium 
241Am 0.41 0.26 0.07 - - - 
152Eu 188 144 46 459 554 657 
Y 1624 1004 359 3961 3862 5129 
La 7.0 6.9 3.3 17.1 26.5 47.1 
Ce 13.0 13.3 5.8 31.7 51.2 82.9 
Pr 24.1 24.6 10.1 58.8 94.6 144 
Nd 45.3 48.8 23.9 110 188 341 
Sm 173 187 67.8 422 719 969 
Gd 226 165 50.0 551 635 714 
Tb 181 111 22.9 441 427 327 
Dy 225 112 18.8 549 431 269 
 
The lowest separation factor was obtained for La (SFLa/Am=17.1) at the highest flow-rate. The distribution 
ratios of Am were below 1 and those of the lanthanides were above one, making a multi-stage continuous 
counter-current process test possible. 
The SO3-Ph-BTP is a significant improvement over the use of a buffered polyaminocarboxylic acid solution, 
as the stripping is possible even at elevated HNO3 concentrations, without the need for a precise pH control with 
similar flow-rates being used. 
 
4. Conclusions 
In the present paper the development of an innovative-SANEX process was presented. The masking agent 
CDTA was successfully used to suppress the extraction of Zr and Pd into a TODGA-based solvent. For the 
selective stripping of the trivalent actinides, two possible routes were studied: one route making use of DTPA in 
a buffered solution, the other using the newly developed SO3-Ph-BTP. With this new and highly selective 
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stripping agent it was possible to selectively strip americium from a loaded solvent with a high separation factor 
from the lanthanides, even at 0.5 mol/L HNO3. 
The obtained results will be used for flow-sheet calculations and a full centrifugal contactor test will be 
performed soon in a 16-stage centrifugal contactor setup. 
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Fig. 3. Ln/Am separation factors obtained from the single centrifugal contactor stripping test using SO3-Ph-BTP. “Steady-state” refers to the 
steady-state reached in the centrifugal contactor continuous test, while “Equilibrium” refers to the equilibrium values, obtained by batch 
shaking for 20 min. 120/60 refers to a flow-rate of 120 mL/h org. and 60 mL/h aq., respectively. 60/30 refers to a flow-rate of 60 mL/h org. 
and 30 mL/h aq., respectively. 
Org. phase: 0.2 mol/L TODGA + 5 vol-% 1-octanol in TPH. 
Aq. phase:  0.020 mol/L SO3-Ph-BTP, 0.5 mol/L HNO3 
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